Background Vasoconstrictor responses to serotonin are augmented in monkeys with diet-induced atherosclerosis and improve after 18 months of normal diet. We tested the hypothesis that functional improvement may occur early during regression, before evidence of structural improvement.
Background Vasoconstrictor responses to serotonin are augmented in monkeys with diet-induced atherosclerosis and improve after 18 months of normal diet. We tested the hypothesis that functional improvement may occur early during regression, before evidence of structural improvement.
Methods and Resuls Responses of the iliac artery to serotonin were measured by quantitative angiography and a Doppler flow probe in several groups of monkeys: (1) normal monkeys, (2) monkeys fed an atherogenic diet for 2 years (atherosclerotic), and (3) monkeys fed an atherogenic diet for 2 years (preregression) followed by a normal diet for 4, 8, or 12 months (regression). In normal monkeys, serotonin produced minimal constriction of the iliac artery, and blood flow to the legs increased. In atherosclerotic monkeys, there was pronounced constriction of the iliac artery, and blood flow to the legs decreased markedly. After 4 months of regression diet, Several lines of evidence indicate that atherosclerotic arteries can undergo regression. First, in nonhuman primates, there is clear morphological evidence of regression of atherosclerosis.' In atherosclerotic monkeys that are fed a normal diet for 18 months or more, there is profound reduction in lipid content in the arterial wall,2 with a significant reduction in intimal area. -3 Second, several angiographic studies indicate that progression of atherosclerotic lesions in femoral and coronary arteries in humans can be slowed and that some lesions may undergo regression. [4] [5] [6] [7] The magnitude of regression of lesions, as evaluated by quantitative angiography, is very modest after up to 2 years of treatment of hypercholesterolemia. 8 Third, there is evidence of functional improvement in atherosclerotic arteries when monkeys are fed a normal diet for 18 months. Hyperresponsiveness to serotonin,9'10 abnormal vasoconstrictor responses to activation of leukocytes,1" and impairment of endothelium-dependent relaxation'2 all return toward normal after regression of atherosclerosis. Data concerning functional changes during the first few months of regression of atherosclerosis are limited .13 four of eight monkeys demonstrated marked reduction in hyperresponsiveness to serotonin angiographically, and by 8 months, six of eight monkeys had significant improvement. After regression, serotonin produced minimal changes in flow. There was no reduction in intimal area (ie, atherosclerotic lesion) in iliac arteries from regression monkeys compared with atherosclerotic monkeys, but there was a marked reduction in cholesteryl ester in arteries from regression monkeys.
Conclusions Abnormal vasoconstrictor responses to serotonin usually return to or toward normal within a few months during regression of atherosclerosis. Functional improvement occurs in conjunction with early resorption of lipid from the arterial wall and occurs before detectable changes in mass of the atherosclerotic lesion. (Circulation. 1994; 89:1810 -1818 Key Words * serotonin * atherosclerosis * angiography .
vasoconstriction
The goal of this study was to examine functional and structural changes in arteries early during regression of atherosclerosis. We used quantitative angiography and Doppler measurements of blood flow to examine responses of the iliac artery and limb to serotonin during 4 to 12 months of regression of diet-induced atherosclerosis in primates. We tested the hypothesis that functional abnormalities of atherosclerotic arteries, as reflected by hyperresponsiveness to serotonin, might improve before morphological evidence of regression.
We also examined the effect of acute changes in plasma lipid levels on vascular responses to serotonin. Responses to serotonin were examined in nonatherosclerotic, hypercholesterolemic monkeys and in atherosclerotic, normocholesterolemic (AS NC) primates.
Methods

Monkeys
Adult male cynomolgus monkeys (n=30; weight, 5 to 8 kg) were randomly assigned to receive either a normal or an atherogenic diet. Six monkeys (normal group) were fed commercial laboratory chow (Purina Monkey Chow, RalstonPurina, Richmond, Ind). Seven monkeys (atherosclerotic group) were fed an atherogenic diet for 24±0.6 months. The atherogenic diet consisted of 1 mg cholesterol per calorie (0.8% by weight) and 43% of total calories as fat. Five monkeys (hypercholesterolemic group) were fed an atherogenic diet for 1.7±0.2 months. Eight monkeys (regression group) were fed an atherogenic diet for 23±0.6 months and then were fed a normal diet for 4 to 12 months. Four monkeys (AS NC group) were fed an atherogenic diet for 34±2.2 months and a normal diet for 1.5±0.1 months. At intervals of 4 to 6 weeks, animals were sedated with ketamine hydrochloride (12 mg/kg IM) and weighed, and venous blood samples were drawn for total plasma cholesterol. Serotonin produced minimal reduction in mean diameter of the iliac artery in normal monkeys (Fig 1) . In contrast, there was a marked vasoconstrictor response to serotonin in both atherosclerotic monkeys and the regression group while they were fed atherogenic diet (Figs 1 and 2 Serotonin produced a decrease in large-artery conductance in normal monkeys (Fig 6, left) . The vasoconstrictor response to serotonin was significantly greater in atherosclerotic monkeys than in normal monkeys (P<.05). After regression, serotonin reduced conductance less than in atherosclerotic and preregression monkeys (P<.05). Serotonin increased total leg conductance in normal animals (Fig 6, right) but produced a marked decrease in conductance in the atherosclerotic monkeys (P<.05 versus normal). The change in total leg conductance in response to serotonin returned to normal in regression monkeys (P<.05 versus preregression).
Angiographic data for individual monkeys during regression of atherosclerosis are presented in Fig 7. Baseline iliac diameter (left) increased slightly during the regression period (preregression, 2.8+0.2 mm versus terminal study, 3 .0±0.2 mm, P<.05). In contrast, in four of eight regression monkeys, augmented vasoconstrictor responses to serotonin were markedly reduced (to <20%) at 4 months (Fig 7) . After 8 months on a normal diet, two of the remaining four regression monkeys also had reduction of hyperresponsiveness to serotonin. Two regression monkeys had little or no improvement after 12 months of normal diet.
Effects of Hypercholesterolemia
In a separate group of five monkeys, total plasma cholesterol was 112-13 mg/dL while the monkeys were fed a normal diet. After the monkeys were fed an atherogenic diet for approximately 6 weeks, cholesterol was 571±86 mg/dL. Baseline iliac artery diameter and blood flow to the leg were similar when the monkeys were normocholesterolemic and hypercholesterolemic. Serotonin (100 g£g IA) decreased diameter of the iliac artery by 6.3±2.2% in normocholesterolemic and by 11±5.8% in hypercholesterolemic monkeys (NS). Serotonin did not change blood flow to the leg (+2.8±3.7% and +2.1±8.1%) in normocholesterolemic or hypercholesterolemic monkeys (NS). Thus, vasoconstrictor responses to serotonin were not altered by hypercholesterolemia.
Effect ofAcute Reduction of Plasma Cholesterol
In another group of four atherosclerotic monkeys, total plasma cholesterol was 649±40 mg/dL while the monkeys were fed an atherogenic diet. After approximately 6 weeks of a normal diet, total plasma cholesterol was 119±14. Baseline iliac artery diameter and blood flow to the leg were similar when the atherosclerotic monkeys were hypercholesterolemic (AS HC) and when plasma cholesterol of the same group was normal (AS NC). Serotonin (100 gg IA) decreased diameter of the iliac artery by 33+5.3% in AS HC and by 36±5.9% in AS NC (NS versus AS HC). Serotonin decreased blood flow by 31±8.9% in AS HC and by 26±6.7% in AS NC (NS versus AS HC). Thus, the vasoconstrictor response to serotonin in atherosclerotic monkeys was not reduced significantly by reduction of plasma cholesterol to normal for 6 weeks.
Arterial Wall Lipids
Free cholesterol content of the arterial wall was significantly higher in atherosclerotic than in normal animals (Fig 8) (P<.05) . Free cholesterol content was lower (P<.05) in the regression group than in atherosclerotic animals.
Cholesteryl ester of the iliac arterial wall at the site of angiographic measurement was not detectable in normal monkeys (Fig 8) . There 36 In Watanabe heritable hyperlipidemic rabbits, augmented vasoconstriction to serotonin can be demonstrated in vitro before atherosclerotic lesions are seen.37 Previous studies in vivo, however, have suggested that hypercholesterolemia in the absence of atherosclerotic lesions does not account for augmented constrictor responses to serotonin.26 Our findings in monkeys that received atherogenic diet for about 6 weeks support this conclusion. Although plasma cholesterol was elevated, vasoconstrictor responses to serotonin were not altered. This brief duration of hypercholesterolemia was not sufficient to produce significant intimal thickening. We also studied effects of plasma cholesterol in atherosclerotic monkeys. After approximately 6 weeks of normal diet, plasma cholesterol levels were normal, but constrictor responses to serotonin were not reduced in these atherosclerotic monkeys. These studies support the conclusion that augmented responses to serotonin in atherosclerotic monkeys are not simply a response to hypercholesterolemia.
Speculation and Implications
The present study demonstrates that normalization ot function, as reflected by vascular responses to serotonin. precedes detectable morphological changes. The 
